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YUCCA MOUNTAIN PROJECT FAR-FIELD SORPTION ST'IPJDIES 
AND DATA NEEDS 

Arend Meijer 

ABSTRACT ~ 

Batch sorption experiments in which radionuclides diss lved 

of  crushed tuff have resulted in a substantial database of sor tion 
coefficients for radionuclides of interest to the repository pro ram. 
Although this database has been useful in preliminary evalu tions 
of Yucca Mountain as a potential site for a nuclear waste repos t" tory, 

in groundwaters from Yucca Mountain were sorbed onto s 

the database has limitations' that must be addressed befcre it 
can be used for performance assessment calculations in su port 
of a license application for a waste repository. T h e  limit 9" &ions 
result in part from conceptual problems and in part fro 
experimental approach used to  obtain the existing datab 
sorption coefllcients. I 

The dominant conceptual question concerns the 
using a constant sorption coefscient for a given radi 
transport calculations. A constant sorption coefl5cient 
viable if the composition and physical characteristics 
system do not change significantly over the interval mo 
calculations and if the sorption coefficient used accurately 
the natural system. If the composition of t 
change with time, the effects of the composit 
sorption coeacient must be determined either 
theoretical approaches. An empirical approac 
the lines of the previous studies. The drawb 
are that  (1) it would require a very large number 
in which each compositional change is evaluated 
each important radionuclide, and (2) synergistic e 
various compositional changes could not be fully 
U t  heoretical" approach could involve studies of 
by which the important radionuclides sorb to  t h  
in Yucca Mountain tuffs. Such studies would concentr 

m,"% 

I 
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elucidating sorption reactions of the important radionucl'des on 
pure mineral separates. If  the sorption reactions of the im ortant 
radionuclides could be elucidated, it would be possible to 5 evelop 
models that predict the effects of  compositional changes in the 
system on sorption coefflcients. Such models could also e used 

Database limitations resulting from the experimental a proach 
include aspects such as the use of crushed us soli I rock, 
oversaturation of feed solutions, imperfect solid/liquid sepwations, 
the use of feed solutions containing all of the im ortant 
radionuclides, and sorption kinetics. An evaluation of the rristing 
database suggests these aspects are most critical for expe iments 
involving the actinide elements. B y  studying sorption r adion 
mechanisms on pure mineral phases, it is possible to ddress 
indirectly many of these experimental limitations. The resul would 
be greater confidence in the existing database and in our a ity to 
extrapolate to conditions not addressed directly by the exper i hental 
program. 

to test the validity of sorption coefficients in the existing d4 4 abase. 

I 

I. INTRODUCTION AND STATEMENT OF PURPOSE 
The sorption task of the Yucca Mountain Project (YMP) [work br down structure 

(WBS) 2 3 4 1.5AJ has the responsibihty for obtaining data on the sorp ealfl ive behavior of 
important racLonuckdes (Kerr~sk, May 1984, Oversby, 1987) for use in t4e evaluation of 
the future performance of a proposed nuclear waste repository at Yucca Mobtain, Nevada 
Since 1977, the Isotope and Nuclear Chemistry Division of Los Alamos Nati+al Laboratory 
has been conducting expenments on the sorptive behavior of rdonuclrdq on tuffaceous 
rock samples from the Nevada Test Site. These expenments have produdla set of average 
sorption coefficients for important rdonuclrdes (Table I) that has been Included in the 
Environmental Assessment (1986) and the Site Characterization Plan (198s) far the Yucca 
Mountam site. Many coefficients, particularly those for the actinides and several of the 
fission products, are poorly constrained and Fay reflect processes other th&1 sorption (for 

Now that Yucca Mountain has been chosen for site characterization, mbe quantitative 
and technically defensible stuctes must be ca,med out to obtasn a1 more detailed 
understanding of the sorptive behavior of important radionuclides in relatidn to the various 

rock and mineral types present in the far field (between the proposed rehsitory and the 
accessible environment) In addition to impraving the reliability of perform~ce assessment 
calculations, such an understanding will provide a basis for respon&ng to various 

regulatory and pubkc concerns over potential releases of rdonuclidea fro& the repository 
honzon Over the proposed containment period. In this regard, the Nuclear Regulatory 

\ I 

example, precipitation). \ I 
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ltrble la Average aorption ratio, (drtributmn eoeffienta) from batch lorptdon experiments OIL drushed tuff 
for ameneium, plutomum, uramum, sekmum, technetium, and neptumum'*b 

Sorptm Ratma 
Strat yraphicC Depth ImOd 

TPC 

, 
1 

Unit Sample (ft) Am Pu U Se Tc ; NP 
JA-8 606 

251 n-5 
TPP G2-547 547 13 OOO(110) 1260(120) 9 4(0 1) 2(2) Of 

G2-723 723 890000 >4500 2 4(06) 19(2) Of 
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0 3(0 14)d ' 7 0 1 0  

2 710 11 
m-22 848 1200 130 C 64(20 1 02) TPt 
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YM-30 1264 
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Tht G1-1436 1436 lO(2) lO(3) 
(32-1952 1952 1700(70)f 66(6)r 2o 2 7(0 1) 
GU3-1436 1436 , 0 2 y  

bt GU3-1531 1531 s4 9 S(1) 

TCP 
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131-1883 1883 4700(300) 77(11) 6 4  
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G1-1982 1982 2 5  2 4  
YM-48 2114 0 15 0 02 I 
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G1-2233 2233 I 10 
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YM-49 2221 4300(1400) 230(50)c 0 2110 021 Q(3) 
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W 6 4  2491 153(6) 80(20) 13(03) 4 2(Od)b 
Gl-2333 2333 I 

Gl-2363 2363 0 25(6) , 
Gl-2410 2410 I 

JA-32 2533 130(30) 110 22(09) 
G1-2476 2476 

Tct G1-2698 2698 
(31-2840 2840 0 5  9.1 
G1-2BS4 2854 
G1-2901 2901 
G1-3116 3116 
JA-37 3497 28 OOO 400(70)e 46(03) 
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(10 oooy 
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CILIalylrsphx unik are M l d h  Ipc = Tim C~splp Member, Tpp = Psb Canyon Member, TpL I lbpcpab Spring 
beddd LufZ Tcp = Pmr Pam Member, Tcb = cdl&og Member, 
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Table lb Average sorphon ratios (dwtnbutron coeflkients) from batch sorphon e x p e r a n t s  on crushed tuff 
for stronbum, cmum, banum, radium, cer~um, and 

I 

1 
1 Sorpbon Ratm 

ShhgMphlC' Depth (rnttd 
Ulut Sample (a) Sr CS Ba Rs Cc EU 

TPC 3 A-8 606 270(5)d 2700(400)d 43!i(15)d 2100(300)d 
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Tct 61-2698 2698 42 000 7700(400)f 63000 240480)f  SO)^ 
1 

G1-2840 2840 &Fr 2200 200 
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(500) 
4 



I C 

Table IC Average morptron ratios (dutnbutmn cocflscxnts) from batch desocphon eqxrmenb on crushed tuff 
for atronhutn, cenum, banum, cenum, and 

(De)Sorptmn Ratm 
S tratigraphlce Depth fmf/nl 
Unit Sample (ft) Sr CS Ba Ce Eu 

TPC IA-8 606 311(3) 4600(400) 480(50) 10 OOO(3000) 
m - 5  251 320(30)' 8900(600) 1200(120)' 31 OOO(30 OOO)d 36 OOO(14 OOO)d 

I 

1 
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Table Id Average sorptmn raw (dlstnbutlon coeflicrenb) from batch desorption expe*b on cru&ed tuff 
for amermum, plutomum, wwum, technetium, and mptuniumavb I 

(De)Sorption Ratm 
S tratigrapbicC Depth ~ m l l n )  
Unit Sample (R) Am ru U Tc NP 

lA-0 606 
YN-6 62 1 TPC 

TPP 
v. 

I 
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0 
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YM-38 1540 7100[1200] 1600[30b) 14 8(10) 
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YM-45 1930 
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Tht G1-1436 1436 
G2-1952 19S2 6800 1100 6 360 45s 

TCP 
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W 4 )  
m4 2114 
W - 4 9  2221 i)400(400)e 720(90) 
JA-26 1995 

Tcb J A-28 2001 

G14289 2289 
YM-54 2491 650(80) 720(40) 12(8) 
G1-2333 2333 
Gl-2363 2363 
61-2410 2410 

Gl-2476 2476 I .  

Tct Gl-2698 2698 
Gl-2840 2840 
G1-2854 2854 

Gl-2233 2233 8(2) 

I 
I JA-32 2533 2200(600) 

I 

i G1-2901 2901 

3497 32000(10000) 1400(300) I 17q50) 
G1-3116 3116 
JA-37 

6 



I 

Commission (NRC) has formulated a technical p i t i o n  on sorptioh (Nuc ear Regulatory 
Commission, 1987) that estabkshes various gurdelines on the types of i If ormation and 
level of understanding of sorption processes that “d be needed in ordk to assess the 
effects of rdonuchde sorption upon performance of a high-level waste rdpository” The 
NRC contracted wth Oak Ridge National Laboratory to conduct a sene91 of expenments 
independent of the US Department of Energy (DOE) program to evaluate the “potential 
geocbermcal behavior of rdonuclides” at the Yucca Mountain site Evaluation of the 
YMP sorption coefficient database through duphcation of experunents performed by the 
YMP formed et major part of the Oak hdge program (Meyer et al , 1987). ather  concerns 
about the YMP sorption coefficient database have been expressed in pubbc comments on 
the Environmental Assessment, Yucca Mountain (1986) and on the Site Chttractenzation 
Plan (1988) 

With this b a c k p u n d  in rmnd, the purpose of this paper is to 

(1) review the apphcabdity of simple (constant) sorption coefficie$ts in transport 

(2) review and evaluate alternative methods for the denvation of sorp~ion coefficients, 
(3) summanze and evaluate the present YMP sorphon database to identify areas of 

data sufEciacy and significant data gaps, 
(4) summarize our current understandmg of pertinent sorption Ipechmsms and 

associated kmetic parameters, 
(5) evaluate the significance to the YMP of potential problems in the expenmental 

deterrmnation and field appkcation of sorption coefficierits as enwerated by the 
NRC (Nuclear Regulatory Comxrussion, 1987) m its technical pqmtion paper on 
sorption, 

(6) formulate and evaluate strategies for the resolution of NRC coqcerns regardmg 
expenmental problems, and 

(7) formulate a position on the sorption coefficient database apd the level of 
understandrng of sorption mechanisms hkely to be required in the licensing 
appkcat ion 

calculations, 
I 

I 

Several aspects of sorption u1 relation to the potenhal repository at Yucca Mountain 
will not be addreseed in this paper. These include: (1) sorption in the ;near-&ld of the 
potential repository, (2) sorption or complexation of radionuclides by ~crwrganisms or 
other orgamc matmals, and (3) quantitative estimates of transport b&ed on sorption 
coeffiaents &scussed in this paper. These topics are covered undd WBS numbers 
12.2 5 2.L, 2.3.4.1 9.A, and 2.3.4.1.7A, respectively. 

II. CONSTANT SORPTION COEFFICIENTS IN TRANSPORT CALCU- 
LATIONS 

The rate of transport of a p e n  chemcal component through a pbrous medm IS 

typically calculated using a constant sorption coefficient (Abriola, 1987). This is the 
, 

7 



dpproach that has been used in performance assessment by the YMP ($nvlronmental 
Assessment, 1988). Various authors have questioned the vslidllty of this a p p r b h  in recent 
years (for example, Reardon, 1981; lhpathi, 1983; Cederberg, 1985; Vdocchi, 1985), 
leadmg to confusion over the applicability of sorption co&cients in transport calculations 
As concluded in the following discusslbn, the issue is not whether sorption cwfficients are 
applicable but the manner in which they are obtamed and applied (also see Serne, 1982) 

Some authors have argued that drfferent species of a particular element in solution (for 
example, Ca++, CaC1+, etc ) may have different sorption coefficlents in a given medium 
and will therefore be transported at dtfferent rates (Tripathi, 1983, Cederbdtsg, 1985) In 
“eqmlibnum” systems, this argument is not valid because indimduals in a population of 
chermcal species have short lrfetimes relative to the solvent flow rate (Verauelen et al , 
1984) As a result, a strongly sorbing species of the element may convert into a weakly 
sorbing species and mce versa so that an average sorption coefficient for the Jks’ous species 
of the element can be used to model the transport behavior of the element., Calculations 
presented in support of the the speciation argument (Cederberg, 1985) do refiect a change 
in the average sorption coauent  in the “equihbrium” system modeled. Bowever, t h s  
change is due primarily to a prescribed change in the composition of the  feed solution 
(that is, the solvent) 

Most other arguments aganst the use of constant sorption coefilci ts are also 
precluded 031 chmp in the system with tune. These changes fall into t categones 

concentration of the solute, changes in the composition and/or identity ok the sorbing 
phase(s), etc], and (2) changes in the physical state of the system (br example, 
temperature, permeabihty, flow rate, etc.) There is no consensus at present on haw the 
effects of these changes should be incorporated d o  transport calculations (codes) One 
possibikty would be to retain the slmple & approach in the transport calculation but 
provlde an independent procedure to obtain the & values for a gwen set df condttions 
Changes in the sorption coefficient caused by changes in the concentration bf the solute 
could be handled with empirical isotherm equations (for example, L-uid, Fkeundlich, 
etc ) Changes in sorption coefficients resultmg from dispemon (Rubin and James, 1973) 
could also be handled this way. More complex chemical changes could be hant$ed either by 
calculations based on geochmcal codes such as EQ3/6 (Vim,  1988) or MINE)QL (Westall 
et al ,1976) or by a series of predetermuaed three-dimensional & matrices repkenting the 
Kd dues for a given rahonuchde at Merent points within Yucca Mountain at Merent 
times or under a variety of dfferent envimnmental conditions. The Kd calcufstions could 
also be embedded &redly within the transport code (Abriola, 1987), h m v &  this would 
increase the computation time dramatically. 

One reason no consensus exists on how to include the effects  of^ changes in 
chemical conchtiom in transport calculations is that our present understanding of sorption 
mechanisms is rather limited In fact, preckction of the &ts on sorption of cbmpositional 
changes in the system (for example, pH and composition of the substrate) is a major 
objective of current research (Dams and Hayes, 1986; Stumm, 1987) 

(1) changes 111 the composition of the system with time [for example, clpnges .ft: in the 
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The mpact of changes in the physical state of the system on the transp@rt of chemical 
components often requires some understanhng of kinetic factors For instan/x, an increase 
in the flow rate may preclude the attainment of equihbnum during the sqrption process 
(Reardon, 1981) To quantify the effects of these changes, kinetic rate constants are 
required for the appropnate sorption mechanisms Because natural flow systems are 
physically as well as compositionally heterogeneous, these constants are generally obtamed 
on a sitespecific basis (for example, Rundberg, 1987). Changes in the temperature of a 
flow system can lead to changes in sorption coefficients with or without kinetic effects 
There are no theoretical equations for predicting the ef€ects of temperatk on sorption 
coeffiaents so these effects must be measured experimentally. In the $ear field of a 
repository, the structure of the sorbing substrates may be altered as a result of temperature 
increases Under these conditions, modeling of element transport will involve a complex 
set of problems that goes well beyond the scope of ths  review 

In summary, unless the chemical parameters (except sorbing cornponqnts) or physical 
parameters in a flow system vary significantly, a constant sorption coefficiedt (* isotherms) 
may be adequate for modeling waste element transport If the system panameters vary &s 

stepfunctions or if the vanations have very long time constants relative to tbe flow rate, the 
transport calculations can be carried out in steps by using different valuesifor the sorption 
coefficients in each step. If the changes m system parameters are cont ous, sorption 
coef€iaents used in the transport calculation could be changed at int J s corresponding 
in tune to some threshold change in the value of a system parameter. sorption reaction 
lunetics could also be lncluded in this approach m an approximate fashiv. N1 coupling 
of the effects of continuous changes in chemical and physicd variables onl transport would 
dramatically increase the complemty of the problem and calculation dime (Tsang and 
Mangold, 1984, Abriola, 1987) 

111. REVIEW AND EVALUATION OF ALTERNATIVE PROCbDURES FOR 
DERIVATION OF SORPTION COEFFICIENTS 

Sorption CoefEicients have traditionally been obtained in the laboratory by empirical 
methods (for example, Serne and Relyea, 1981). Although the coeffidents obtained by 
these methods have been useful in evaluating the behanor of various ch@aicals on a local 
scale and over relatively short time intervals, the problem of long-term #torage of nucleat 
wastes calls for mom quantitative and theoretically defensible methods ,of evaluation and 
prediction. Alternative strategies for obtaining sorption coefficients &e summazized in 
Fig. 1. To date, the YMP has followed the first strategy, in which seldcted groundwater 
compositions, spiked with radionuclides, are reacted with a kmtted n&ber of rock types 
This strategy provides sorption coefficients at Merent radionuclide cdncentrations for a 
lirmted set of groundwater compositions 

A major criticism of the whole-rock approach to the derivation of sorption coefficients 
is that it does not lead to an extrapolation capabihty. That is, it does not provide a means 
to estimate sorption coefficients under physical con&tions or rock and pfater compositions 
not &redly included in the expenmental program. One way to enhhce this prdctive 
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capabikty is to carry out sorption expenments on pure mineral phases over phe range of 
physical and chermcal concGtions anticipated in the system (Fig 1). The re$ults of such 
expenments would allow prediction of sorption coefficients in rock types taat were not 
&redly included in the expenmental program by weighting sorption coeffidents for the 
mineral phases present in the rock according to their modal abundance (Serne and Relyea, 
1981). This approach might be attractive for the estimation of sorption coefficients of 
mineralogically variable fracture fillings in Yucca Mountain (see, for exdple,  Carlos, 
1985). It could also be used to provlde a finer gnd of sorption coefficieht data over 
the repository block if a gnd of sufEciently detailed mineralogic information 15 avadable 
However, the capabAty to model sorption coeflicients as a function of rock minerdogy 
(given a constant water composition) only addresses part of the problem. 

Under ambient conditions in a flow system such as that associated with Yucca 
Mountam, the mineralogy of the rock matrix is unlikely to change much lover penods 
of tens to hundreds of thousands of years The parameters most libly to vary 
through time include the chesmd composition of groundwaters and the aoncentration 
of waste elements they may cany. If present and future groundwater comwtions are 
sufliciently well characterized, the experiment4 grid used for the pure &al sorption 
expenments can aimply be enlarged to include a great= number of water &mpsitions 
However, to derive an extrapolation capability for the prediction of sorption coefficients 
involving groundwaters (A contaminants) not included in the experimental matrix, a more 
theoretical approach is required. 

This approach reqwres various types of information as input, as shah on Fig. 1 
and d~scussed in more detail below The advantage to this approach is that it provides a 
capabikty for extrapolation to mndhons not included 1z1 the experunental patrix of the 
empirical studies. In the followmg discussion, the emplrid and theoreti4 approaches 
WIU be rewewed separately 

A. Review and Evaluation of Empirical Techniques for Derivation of Sorption 
CoefBcients in the Laboratory 
In the empirical batch method (Fig 1) used at Loe Alamos (Daniels et d., December 

1982), a sample of crushed rock or soil material is reacted with a solutid representing 
the in situ groundwater, which has been spiked with an radioisotope of the element of 
interest. The crushed rock is “equikbrated” with a separate aliquot of in d d b  groundwater 
before the spiked water is added. The final radioactivity of the spiked dement in the 
solution and the radioactivity on the solid phase are measured after so4e appropnate 
contact time. The ratio of the activity per gram of d i d  to the activity p& milliliter of 
solution is calculated and is cded the experimental sorption coefticient, denoted by & 
The appropriate contact tune is determined in a aeries of experiments ..sp’ed out over 
different time intervals with the same sample and spike solution. In these experiments, the 
sorption coefficient generally approaches a steady state value with time. $f the solution 
is not oversaturated with a stoichiometric compound of the radionuclidi spike(s), the 
experimental sorption c d c i e n t  obtained is probably clm to the equikbnb &. 
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Batch experiments can be carned out at chfferent temperatures if the substrate 
composition and structure remam unchanged except for the elements exch/anging on the 
sorption sites Experiments are often carried out over a range of element concentrations 
appropriate to the intended appkcation Because these experiments are earned out at 
constant temperature, the best fit line through the data in a plot of the sokd eoncentrations 
VJ the solution concentrations i s  called an isotherm If the sorption coefiicient does not 
vary over the measured range (that is, constant sorption coefficient), the isotherm is sad 
to be h e a r  If the coefficient is not constant over this range, various isothwrn equations, 
such as the Langmuir, Fkeundkch, and others, are awlable to fit the data Werrneulen et 
al , 1984) 

The wafer technique is a modification of the batch technique in which a~ solid wafer of 
rock is used instead of a crushed sample. Conceptually, the wafer techniqqe more closely 
reflects the zn sttu sorption processes that would retard the transport of radionuckdes In 
solid rock Although the wafer technique has been used successfully with dore permeable 
matenals such as bedded tuffs, it is difficult to apply successfully to matmials with low 
permeabilities (for example, Topopah Springs t d )  

The column t h q u e  offers a somewhat more sophsticated approach tg the denvation 
of sorption data, it is very sirmlar in operation to a typical ion exchange colu+n (Vermuelen 
et al , 1984) A spiked groundwater solution is eluted through a column packed with 
crushed rock or soil m a b i d .  Because of its dynamic aspect, the colrvnn techque 
provides dormation not obtainable through the batch technique For hstance, if the 
sorption reaction between the solid and the solution is slow relative to the c~lumn flow rate, 
the solute front mll exlt the column earlier than prehcted on the basis oif "eqyilibnum" 
batch sorption data Mathematical analysis of these types of experiments( can, therefore, 
yield information on the kinetics of sorption reactions (Rundberg, 1987). For elements 
that are slow to equilibrate among possible complexes in solution or for elements that 
form colloids (for example, plutonium), the column technique may reslrlt in apparent 
sorption co&cients that are substantially drfferent from coef6cients obtaiaied through the 
batch technique (see, €or example, Thompson, 1988) Such results emphasize potential 
problems in the application of batch sorption codiicients to the prediction of element 
transport in the absence of additional data on colloid behawor and the lunetics of complex 
formation/&shction in solution. 

Conceptually, the most satisfactory approach to the determination of sorption 
coeffiaents in the laboratory involves the use of solid rock columns Unfortunately, 
experiments involving d d  rock columns are limited in a practical sense to 'rock 
samples with substantial penneability and elements with rather low sorption coefficients. 
Expenments involvlng r& with low permeabilities or elements with high sorption 
coefficients generally cannot be completed within a reasonable! period of time. The 
high reliability required of the experimental equipment used in long-tgrm experiments 
is problematic, as are the potential imperfections (such as fractures) in the rock sample 
chosen for a gven experiment 
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To model transport processes in a heterogeneous flow system such +s that associated 
with the Yucca Mountain site, empirical sorption coefficients must be obt ed over a range 
of cond~tions that bound those anticipated in the system over the lifeti e of the proposed 
repository. Regardless of the chosen technique, experunents should b! carried out using 
(1) all the major rock types found in the system, (2) all the major water cbmpostions ather 
existing or anticipated in the system, (3) the anticipated range of temperbtures, and (4) the 
anticipated ranges of waste element concentrations Consideration of obher vanables such 
as the fugacity of reactive gases and the speciation of radronuclides in solution may also 

t 

be appropriate if warranted by anticipated conltions To model a 
as Yucca Mountam, a large number of experiments are required even 
difficulties (for example, colloid formation) ca,n be taken into account. 

as complex 

B. Review and Evaluation af Theoretical Approaches to Derivbtion of Sorption 
Coefacient e 

Untd recently, developments in the quantitative understanding o f ;  sorption reactions 
have been dnven largely by the needs of the industrial and agricul mal sectors. For 
example, zeolites are widely used in the chemical industry, where the eed for particular 
chemcal separations has encouraged the development of theoreti models for ion 
exchange rn zeohtes (Barrer and Klinowski, 1977) Similarly, a 'cultural c h a t s  
have been concerned with the ion exchange behavior of clays and ir n and manganese 
oxyhydrmides in relation to the effects of various chemical constituen 6 on plant gtowth. 
Ths concern led to the development of ion exchange models for clays ( aines and Thomas, 
1953) and surface complexation models for the oxyhydroxides (Spos to, 1981; Daws et 
al, 1978, Daws and M e ,  1978). These theoretical models for so tive behavior are 
based on a more mechanistic treatment of the chemical reactions invo i ved in the sorption 
process. These models are not strictly theoretical because they still &quire assumptions 
(see Spomto, 1981, Sposito, 1986, Stumm, 1987). The theoretical airodds assume that 
sorption of chemical speues (sorbate) from a solution onto a solid Iubstrate (sorbent) 
primmly involves ion exchange and/or surface complexation/precipftation processes in 
whxh the structure and compostion of the substrate remain essenti&y unchanged Ion 
exchange theory is well estabkshed theoretically (Spmito, 1981) and isiextiensively appked 
in industry (Vermeulen et al., 1984). The principal data required to dpply the theory are 
selectivity coeszicients that reflect the relative a i 5 t y  of a given ion e@mnger (substrate) 
for dtfferent ions (may and Rundberg, 1987). Surfacc complexatiob and precipitation 
theories are not as well grounded theoretidy and require greater 4ounts  of empirical 
data for their application (Sposito, 1986; Stumm, 1987). Nonetheha, if the composition 
and speclation of a solution are known or can be calculated, the theoretipal models currently 
amlable allow the prdction of sorption coefficients for certain elements on selected 
minerals, including some iron and manganese oxyhydmcidea (Hei &d Lasgmuir, 1985; 
Sanchez et al, 1985), zeolites (Breck, 1974; Benson, 1980), clays (Denson, 1980), and 
carbonates (Davis et al,, 1981). 

.t 
7 

13 



h 1 

There are insuScient data avrulable at present to apply this approach ldnectly to 
the prediction of sorption coefficients for important radionuclides on rocks &om Yucca 
Mountain. To derive sorption Coefficients for Yucca Mountain rocks and &&re fillings, 
the following types of information will be required. 

(1) water (solution) compositions, 
(2) formation constants for solution species, 
(3) mineral compositions and structures, 
(4) mineral surface structures, d a c e  compositions, and surface areas, 
(5) ion exchange constants (selectivity coeflticients), and 
(6) Surface complexation constants 

At Yucca Mountain, water compositions have been obtained for the satwated zone 
(Ogard and Kenisk, 1984), but the compositions of unsaturated zone w a t d  am poorly 
known. Additional data on unsaturated zone waters should become a d a b l e  after the 
exploratory shaft has been sunk. Data available in the literature on formatipn constants 
for species of important radionuclides in waters typical of the Yucca Mountain area are 
currently being assembled rn part of the solubikty and EQ3/6 database dwelbment tasks 
w i t h  the YMP (WBS 2 3.4.1 4.A, and 1.2.2.3.2.L, respectively). In addition, experiments 
are u1 progress to determine the speciation and solubility of various radionucli/les for which 
the available kterature data are inadequate. Data on the abundance, mm&xition, and 
structure of the major mneral phases present in Yucca Mountain have been publihed (Bish 
and Varurnan, 1985) Addtional data mll be required on the abundance, icomposition, 
and structure of trace rmneral phases, including iron and manganese obdes and/or 
oxyhydroxides These will be obtained as part of the mineralogy of transpprt pathways 
task (WBS 2.3.4.2.3 A). The availabihty of data on the surface properties \of the major 
and trace minerals present in Yucca Mountain has not been evaluated tq date Ths 
subject must be addressed before theoretical sorption modela can be applied; to the Yucca 
Mountain site. Some data on ion exchange constants for zeolites and clay4 are available 
in the kterature, and additional work is in progress to obtain constants ap$icable to ion 
exchange minerals in Yucca Mountain. Data on the surhce complexatiodr. mechanisms 
for important radionuclides on minerals present within Yucca Mountain are sparse at the 
present time. Addtional studies will be required to identi6 the nature of surflace  complex^ 
on these minerals and theur binding constants. 

In summary, sorption coefficients can be derived on either an empiridor theoretical 
basis. If the present and future phymcal and compositional characteristics of ihe system are 
known or can be calculated, the empincal approach may be adequate if a s&cient number 
of experiments are conducted. On the other hand, if there is uncertainty regarding the 
present or future characteristics of the system, development of a more continrlzcwcs predictive 
capability would be advaatageous. 

I 
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W. REVIEW AND EVALUATION OF YMP SORPTION DATABASE 

The YMP sorption database contains data from va.rlous types of ex&riments that 
address different aspects of sorption behavior Most of the sorption coefaclent data were 
obtained in batch experiments involvmg crushed rock samples and a rkerence water 
composition (Well 5-13). Data have also been obtained in expenments with sohd rock 
wafers, crushed rock columns, and solid rock columns. The database wdl be renewed 
and evaluated to identify the most rehable data and for any insight provided on sorption 
mechanisms, sorption reaction kinetics, and various concerns expresse4,&y the NRC 
regarding sorption experiments and 

Thomas (1987) has tabulated and reviewed the YMP database for bat+ crushed rock 
sorption experiments invdving the following elements asnencium, bmuxn, uerium, cesium, 
europium, neptunium, plutonium, radium, selenium, strontium, technetit& thorium, tin, 
and uranium (see also Daniels et al., December 1982; Environmental Assessment, 1986; 
Site Characterization Plan, 1988). The tabulated data reflect various piermutations of 
the follomng experimental parameters. mineralogy and particle size of the crushed rock 
samples, temperature, sorption time, desorption time, degree to which e/quilibrium w&s 

attained, atmospheric composition, sorbing tracer concentration, water/mjk ratios, tracer 
preparation techniques, and other experimental procedures. In a sepamte publication, 
Kmght and Thomas (1987) discussed the results of batch sorption experifnents in which 
groundwater composition was a variable. 

As noted by Thomas (1987), some of the data were obtarned while experimental 
techmques were being developed. Therefore, not all the data included i4 her tabulation 
are equally rehable. With this in m d ,  Beckman et al. (1987) used statidtical techmques 
in an attempt to quantify and separate the effects of experimental techmqie, temperature, 
particle size, waste-element concentration, and sorption time on the m&mured sorption 
coefficients for barium, cerium, cesium, m p i u m ,  and strontium. Thesb elements were 
chosen because they make up the largest experimental data set and %cause they are 
generally thought to exhibit sorption behavior that is leea compKcat# than that of 
the other elements included in the Thomas (1087) tabulation. Beckmqn et al. (1987) 
concluded that particle size had only a small effect on measured sorpbion coefficients, 
whereas temperature and the length of sorption experiment had more ai(gpifica,nt effects 
Fhrther, Beckman et d. (1987) noted no significant effect of tracer conca$ration althou& 
sufficient data to test for this effect were only available for barium for &e rock sample. 
These conclusions will be evaluated below. 

Data obtained to date indicates that the mineralogy of the subatrat4 is an important 
variable in the sorption of the alkali and alksline earth elements (Daniel& al., December 
1982, pp 92-103). Rock samples containing abundant zeolites and/or claps generally have 
much higher sorption CoeBcients for these elemests than do devitrified oir glassy samples. 
On the other hand, sorption c d c i e n t s  for the fission products cerium, europium, and tin 
show large variations that do not appear to be correlated with rock t y p  (Daniels et al , 
December 1982) The coefliuents for cerium 8nd europium may be cobelated wth the 

I 
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abundance of primary phosphates such as apatite, secondary carbonates (e, for example, 
Caporuscio et al , 1985), and/or sulfates (Jonasson et d., 1988) Tin sorpdion CoeEcients 
&re fairly consistent in all but one sample (Gl-2901). In the latter sample, the co&cient 
IS 2 orders of magnitude higher for an undetemned reason Sorption c d c i e n t s  for 
the elements neptunium, selemum, technetium, and ura~llum are generally small (1 to 5 
ml/g), except in samples that contrun certajn accessory minerals. Neptunrum and seleruum 
sorption coefficients are larger in samples with carbonate minerals. Sorption coefficients 
for technetium are generdy near aero, except for samples that contain sigdficant amounts 
of iron mdes Uranium coefticients are larger in samples mth significant Wounts of iron 
and/or manganese oxides and/or oxyhydroxides (Ziebnski et al , 1986) rknd possibly tn 
samples wth carbonates. 

Batch data for the elements americium and plutonium are more difidult to interpret 
because the expenmental techniques wed in the sorption studies on these b e n t s  evolved 
with time and experience (Daniels et al., December 1982, pp 72-80). M B e r ,  preliminary 
data on the solubihties of americium and plutonium compounds (Ker~isk, July 1984; 
Nitsche et al., 1987) suggest many of the sorption experiments were perEormed with 
owmaturated feed solutions On the basis of the most recent results (Thomas, 1987), 
it appears that sorption co&cients for americium and plutonium are lmest for glassy 
and m h t i c  samples, somewhat hlgher for devitrified samples, and &@est for samples 
with significant amounts of secondary clays, iron oxides, and/or calcite,. The question 
of whether the results for glassy and zeohtic samples represent true sorption coefltiaents, 
preclpitation, or both, has not been adequately resolved, even though @m3e results are 
generally consistent with sorption 4 c i e n t s  reported in the literaturd (Means et al., 
1978; Allard and Beall, 1979, Sanchez et al, 1985). Some of the detailed variation in 
measured americium and plutonium sorption coeScients, particularly ia devitnfied and 
glassy samples, could be due to the presence of secondary clays, iron and/or manganese 
oxides and qhydracides, and calcite at levels below the detection W t s  of the x-ray 
diffraction techniques used to determine relative mineral abundances (Capruscio and 
Vamman, 1985, Bish and Vanman, 1983). The unusually high values measiured in a calcite- 
rich sample (G2-723) may be due to surface precipitation of americium h$dmxycarbonate 
(Nitsche, 1986, Nits& et al., 1987) on calcite. The ion association p w u c t  (IAP) for 
surface precipitation can be substantially smaller than the IAP for pr+pitation of the 
pure phase 

Except in the case of the smallest size fractions (c75 pm), partide size does not 
appear to exert a major influence on the values fa sorption CaEcientd obtained in the 
experiments (Daniels et d., December 1982, pp. 110-118; Daniels et a+, January 1982, 
pp. 18-23) Sorption coefficients measured for the smallest size fractias (<75 pm) are 
generally somewhat greater than those obtmned on the larger fractions (Wolfsberg et al., 
April 1982, pp. 22-26). This effect has been attnbuted to preferential conpentration of fine 
grained sorptive minerals (such as clays) in the smaller fractions (Dan& et al., January 
1982, pp. 19-22). 
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The effect of temperature on sorption coefficients was mvestigated in a l iyted number 
of expenments at 70°C (Wolfsberg et al , 1979, Vine et al., 1980) and at 85fC (Ogard et 
Sl , 1983) In general, measured sorption coefficients are higher at elevated temperature 
for all the elements included in the experiments (americium, barium, anum, cesium, 
europium, plutonium, strontium, and uranium). The temperature effect is as much as an 
order of maptude for the &ab and alkaline earth elements, americium, and plutonium 
but somewhat smaller for uraum; the elements cerium and europium showed kttle if any 
effect (Wolfsberg et d ,1979, Ogard et al., 1983). The early high-temperature experiments 
involving allcab and allcaLne earth elements yelded sorption coefficients &hat showed 
monotonic increases with time Although no adhtional high-temperature experiments 
have been carried out to evaluate experimental uncertainties, it appears kk+Iy that much 
of the vanation in early high-temperature results reflects incomplete rerryistdization of 
the rock rnatenal (see Daniels et al., January 1982, pp. 2-6) as well aa any temperature 
dependencies the pertinent sorption coefliaents may have. Because the redtion products 
u1 the early expenments wexe not characterized in detail, this possibility cannot be fully 
evaluated 

Although the early high-temperature experiments involving americium m d  plutonium 
also sufFered from large experimental uncertainties, more recent experinpents at 85°C 
showed some clear trends. Experments on a devitrified sample (GU3-0433) showed little 
or no temperature effect for americium but as much as a factor of 7 increase in the sorption 
coefficient for plutonium Sorption coefficients for glassy samples were increr/rsed by factors 
of at least 2 to 7 for both elements at high temperature (Ogard et d , 1883). Perhaps 
the glassy samples were altered durrng the higher temperature expenmenti to secondary 
phases such aa clays, iron oxyhydmxldes, and possibly other phases (DBnielslet al , January 
1982, p 4) that had hgh sorption coefficients for these elements. Alternatively, the higher 
temperatures lead more readily to equilibration, which appears to be difEbult to achieve 
for these elements at ambient temperatures. 

Knowledge of the degree to wbch sorption eqwlibrium is attruned dunng a ~ v e n  
experiment is critical to the proper interpretation and appkcation of the mevured sorption 
coefficient The measured coefliicient may be either smaller or larger than the equilibrium 
coefficlent d sorption equilibrium is not attained. Indxations of the degree to w h &  
sorption equihbrium has been attained can be derived from the trend in me+sured sorption 
coefficients wth time in a ~ v e n  experiment and by compsrison of coeffici&ts obtained in 
sorption vs desorption experiments Assuming the correct experimental technique has 
been used, the gradual approach to a constant value for the sorption iwe%icient with 
time suggests sorption equilibrium has been approximated Qual valqes for sorption 
and desorption d c i e n t s ,  w i t h  the experimental error, ale0 would sbggest sorption 
equihbrium has been appmdmated. A lack of consistency in the measwed coefliicients 
could reflect problems with sorption equtkbrium, analytical technique, +r some sort of 
irreversible reaction(s) (Davis and Hayes, 1986). 

Because most of the early experiments on alkali and dkahne earth dements did 
not attam steady state concentrations even over periods up to 90 days (see Figs 1 
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through 28 in Wolfsberg et al., 1979), the sorption coefficients calcul ted from these 
experiments are d k e l y  to represent equihbrium values. More recent amb ent temperature 
experiments have ylelded consisteat results and suggest sorption eqwkbri* is attained for 
these elements withm 3 weeks or less (Daniels et al., January 1982) D$trifkd samples 
appear to equilibrate more rapidly than zeohtic and glassy samples. Further, cesium 
appears to equikbrate more rapidly than strontium, which in turn appears to equilibrate 
somewhat faster than bmum. Why the measured sorption coefficients obtbned rn the early 
experiments did not achieve steady state values over 6- to 8-week periodsl is uncertain but 
may be related to the procedure used to separate the solution from +d residue. The 
early experiments mth cesium on devitrified samples came closest to lachieving steady 
state values. They show a rapid mereme in Ra in the first 3 weeks, followed by a more 
gradual increase to the end of the experiment. Although the desorption coeflicients show 
more variation, they appear to converge on a steady state value that is similar to that 
apprcodmated by the sorption coefficients (Wolfsberg et al., 1979; Vine et al., 1980, Erdal 
et al ,1981; Wolfsberg et al ,1981). Sirmlar results are reported by Dani$ls et al (January 
1982) and Bryant and Vaaiman (1984) for barium, cesium, and strontitqn. 

Although data from early batch (crushed rock) experiments with americium and 
plutonium showed inconsistencies, more recent (ambent temperatpe) experiments 
performed with unproved t&ques have ylelded more consistent resdts. Time-series 
experiments involving a zeolitic tuff (G4-1502) at ambient temperature1 show that a near 
steady state d u e  for the a;maicium sorption coefiicient was obtai4ed after 20 days 
(Bryant and Varuman, 1984). Six-week (smgle time step) experiments 04 other zeolitic and 
glassy tuffs yielded sorption CoefIiuents broadly consistent with the time-r)eries expmments 
(Ogard et al , 1983) However, the fact that desorption c d c i e n t s  for anmcium differed 
from sorption coeffiuents by as much as a factor of 2 in glassy samples asd as much 
as a factor of 5 in zeohtic samples suggests the results from the time-geries experiments 
may not be representative and that the time required to -eve -tion equilibrium 
in experiments involvlng americium may be longer than 6 weeks, at lgast for some rock 
types. Other explanations for these observations include the possibikty that (1) part of 
the americium wrbs by some irreversible reaction (Sposito, 1986), or (2) colloidal or other 
particulate material was present in the sorption but not in the desorption experiments. 
Sorption and desorption CoefECients obtained for plutonium (Ogard et al., 1983) in the 
6 - 4  experiments are lese consistent than thoee obtained for amerticjum but are still 
mthin a factor of 6. Until the experimental problems with aversaturation are resolved, no 
reliable data on the kinetics of americium und plutonium eorption willl’be obtained. 

The results of batch experiments with solid-rock wafers have been used to derive 
kinetic rate constants for sorption reactions involving simple cations. Rfindberg (1987) haa 
evaluated the rate of uptake of barium, cesium, and strontium by wrifers of zeobtic and 
devitrified rock obtamed from Yucca Mountain cores. He & able to $t the experimental 
data by assummg the sorption process mcludes two &ffision-limited sfeps. The finst step 
involves the diffusion of a even element through the rock matrix to the mineral, and the 
second step invohres diffusion within the xruneral. This approach w89 used to derive the 
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matnx diffusion coefficients and the forward and backward rate constants for the "sorption 
reaction" for barium, cesium, and strontium in several experiments invol+ hfferent rock 
samples and water from well 5-13 Although the data for actinide sorptionlare less reliable, 
this approach was also applled to a set of data for plutonium. The calculatt$d rate constants 
were several orders of magnitude smaller than the constants for the alkali apd alkahne earth 
elements (Rundberg, 1987). 

The experimental data on crushed-rock columns ("reher and Fbybol& 1982) can also 
be used to obtain information on the kinetics of sorption reactions. Ho+ever, data from 
these experiments are more &fficult to interpret because they reflect p h & a l  parameters 
(for example, porosity and CGspersion) as well as sorption processes. Rurzdberg (1987) 
has s u c d y  modeled the breakthrough behavior for bmum, cesium, land strontium in 
columns with different crushed-rock compositions and flow rates. At flow keloclties 5 
cm/s, the broadening of the elution curve was concluded to be largely due to longitudinal 
diffusion of the cations in solution and not to slow mass transfer kinkies. Thompson 
(1988) has reported on crushed-rock column eXperimenta involving zeoliitic tuffs in which 
a substantial fraction of the plutonium (V and VI) loaded on the colrumns was eluted 
in a noncolloidal form along with the nonsorbing reference tracer. Whip compared with 
batch data for the same samples, theee results suggest the kinetics of actwde sorption and 
solution reactiona are very slow relative to the flow rata  in these cx3lumpls. 

The effects of atmospheric composition on sorption coeflicients were ipvestigated in two 
different types of experiments. In one, the natural atmosphere was replaiced with nitrogen 
with < 0.2 ppm 0 2  and 5 20 ppm C02. This atmosphere had no meburable effect on 
the sorption &cients for americium, barium, cexium, cesium, europipm, selenium, and 
strontium, it lowered the coefficients for manganese (factors of 3 to 4) and tin (factor 
of 2), and it increased the COeflEicients for neptunium and plutoniumlby a fixtor of 2, 
u1891um by a factor of 2 to 3, and technetium by a factor of 10 or moq. These variations 
presumably reflect the less oxidizmng nature of the nitrogen atmosphere. 1Ia the other set of 
experiments, the amount of C02 1~ the atmosphere was controlled at a +vel corresponding 
to a solution (J-13 groundwater) pH of 7.0 This d t e d  in slightly lo+ (less than factor 
of 2) selemum sorption coefficients m all but one sample and higher [factors of 2 to 6) 
urax-11~~1 coeffiaents. It had no apparent effect on neptunium coeflicibts in glassy and 
zeolitic samples, although it decreased the meflicient in a devitrified $ample by a factor 
of 18. The latter decrease may redled a lower sorption coefficient for heptunium on iron 
oxide at lower pH (Kent et d., 1988). Tho increased uranium sorption Ooefficjents at lower 
pH may retlect a decrease in the importance of carbonate complex in^ of the urwl ion 
(Ogard and Vaniman, 1985). Although thorium was a3so included in these experiments, no 
experimental data are available at ambient atmosphere for compesison'because thorium is 
very insoluble at pH >7.0 

As discueaed earlier, sorption coefficients for a given element can m y  with the 
concentration of the element in the eolutioa To determine the effect of this parameter 
on rdonucllde transport, sorption expenments have been c m e d  +at  over a range of 
radionuclide concentrations to obtain isotherms. To date, data th4t allow the testing 
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of isotherm equations have been obtamed for plutonium on a dewtnfied and a partially 
zeoktized tuff under ambient condxtions (Dwels et d., December 1982), ium ( D u e l s  
et al., 1983) and strontium (Wolfsberg et al., October 1982) on a devitri t ed welded tuff 
(Gl-2840) under ambient conditions, and neptunium and protactlnium 6x1 a zeolitic tuff 
(G-4-1608) under a COZ controlled atmosphere (Rundberg et al., 1985) The plutonium 
data were not sufficiently consistent to allow selection of an isotherm equatian. A Langznuir 
isotherm was fit to the strontium data for the welded tuff sample (Wolfsberg et a.l , October 
1982). The cesium data for this sample could not be fit with a Langmuir isotherm because 
of IL lack of data reqmed to correct for the indigenous (nonrdoactive)aeslum in the 
sample.* However, FLesies et al (August 1987) have fit these data with a fieundl~ch 
isotherm. Data for neptunium on the zeolitic sample appear to fit a L a q p w  isotherm, 
whereas the protactinium data are not sufficiently consistent to fit with q isotherm. 

hentes et al (August 1987, September 1987) and Polzer and F'uenhes (1987) have 
used the data set selected by Beckman et al. (1987) to calculate i s o t h m  parameters 
for the elements barrum, cesium, europium, and strontium in various rot& types Their 
results for barium corroborate the conclusion reached by Beckman et al. ('1987) regardmg 
the lack of a tracer concentration effect for this element. However, for o4her elements in 
their study, Fbentes et al. (August 1987; September 1987) did observe conchtration effects 
that they chose to madel with a modlfied Reundlich isotherm. Unfortur/ately, for many 
if not most of the isotherms fit by these authors, there were not enough Teasurements to 
make a statistically meaningful distinction among the v8rious isotherm eq$atrons available 
(see Daxuels et al., December 1982, p. 133). FLrther, fitting the experi4ental data with 
a m d f i e d  Fkeundkch isotherm does not provide much insight into sorptia mechanism(s) 
for the dements involved nor does it provide for sigdkant extrapolation capabilities. 

The effect of dfferent wcrter/r& ratios on sorption CoeScients has b&len measured for 
the elements barium, cerium, oesium, europium, and strontium in a devitri$ed sample and a 
teohtic sample (Wobberg et al., 1981) Data for the elements mum and europium WIU not 
be Ctscussed because of problems with reaction kinetics. The data for the &xmnts barium, 
cesium, and strontium suggest the &ect of changes in water/rock ratioa relatively minor 
for the dewtnfied sample but may be more signifkmt for the zsohtic saqple, particularly 
for bmum The data for the devitrified sample have been evaluated &nd a huncllich 
isotherm was used to compare them with the results of isotherm measbments on the 
same sample. Within the lirmtations of the data (kinetics, analytical mrs,  etc.), the 
vanations in the sorption coefEcients with changes in water/Iock rat iq  can be modeled 
with a Fkeundlich isotherm equation for the devitrified sample (Wolhkg et al., April 
1982, p. 27-30). The data for the zeolitic sample could not be m-y modeled using 
t h s  approach More experiments will be needed to resolve this issue 

The results of expenments OR the effect of variations m groundwat&r composition on 
sorption c d c i e n t s  for barium, cerium, cesium, europium, strontium, eind tin have been 
reported by Vine et al. (1980) and Knight and Thomas (1987). The overall effects were 

* Information received from S. Knight, Los Alamos National Laboratiory (1988). 
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generally small and within a factor of 5 of the 5-13 results. An d y s i s  of these mations 
has not been attempted but should be pursued in the future. 

V. SORPTION MECHANISMS 

Although very little information has been obtained in the YMP sorption task on 
sorption mechanisms at the atormc or molecular level, clear correlations have been defined 
between sorption coefficients for elements in a given chemical group (such as a,llc&ne 
earths) and the mineralogy of different rock samples. For example, rock  ample^ hgh 
m zeohtes and/or clays have large sorption coefficients for the akah and,&e earth 
elements This IS consistent with the known ion exchange behavior of these mulerals 
(see, for example, Benson, 1980) Dmtrified welded tuffs composed of alkali feldspar 
and cristobalite, with and without quartz and without zeolites and/or clqys, have much 
smaller sorption coefficients for these elements. This presumably reflects 8 &ne;Uer number 
of available sorption site in tbese rocks. 

Knowledge of the mechanisms by which the rare earth and actmdd elements sorb 
remains a major area of uncertainty in the sorption task. The batch sorption co&cients 
for ammcium and plutonnun are often large and appear to be relativelr insensitive to 
variations in the abundances and compositions of the various frsmeworh; sibcates found 
IR the Yucca Mountain tuffs This may d e e t  oversaturation of the experimental feed 
solutions leading to precipitation of actinide compounds and/or colloids, or it may suggest 
these elements sorb by some sort of nonspecific surface complexation rewtions (Schindler 
et al ,1976) Primary nomihate trace minerals (such as magnetite, apatite, monazite, and 
ilmenite) and many of the secondary alteration minerals (such as clay, calcite, hematite, 
manganese-oxyhydraxides) found m Yucca Mountain samples often have much higher 
f f i t i e s  for the rare-earth and actmide elements than do the frameworkl shcates (Allard 
and Bed, 1979) and can therefore be of great importance to their rktardstion The 
mechwsms by whrch these trace and secondary phases preferentially biqd these elements 
appear to be domated by surface complexat~on reactions (Means et al., 1978, Sanchez et 
al., 1985; Jonasson et al , 1988). lk ther  studies of this topic will be required to gam &II 

adequate undentanding in relation to the proposed repository at Yucca Mountain. 

VI. SIGNIFICANCE OF NRC CONCERNS THAT RELATE "0 SORPTION 
STUDIES 

The NRC (1987) has formulated a position on radionuclide sorptbon in relation to 
nuclear waste repositories and has enumerated various concema regar% the experimental 
detmnation of sorption coefEcients and their application in transport calculations (that 
is, for perfonnance assessment) In the following discumon, those cone-s enumerated by 
the NRC that apply to the Yucca Mountain site have been separated into two groupmne 
emphasizing the experimental aspects, the other emphasizing applications aspects. 
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A. Experimental Aspects 

include topics below. 
The NRC concerns involving the experimental detemnation of so~$tion coefficients 

(1) Kinetics 
- Colloid formation 
- Sorption eqttlkbrium 
- Species equihbrium in solution 

(2) Precipitation t13 sorption 
(3)  Reactive surfaces that result from grinding 
(4) Multitracer sorption expenments 
(5) Effect of trace mnerals with high sorptive &pacity 
(6) Sorption mechanisms 
(7) Reahtic error analysis 

As noted above, kinetics have been a problem principally in experimhts involving the 
actmide dements In these experiments, there are potential problems dith precipitation, 
colloid formation, eqrulibrium among complexes in solution, and probably(sorpt1on kmetics 
These problems need to be resolved before the sorptive behavior of thei actimdes can be 
deheated wrth any degree of certainty. 

The problem of reactive surfaces, produced either during the rock-wshing process or 
during agtation over the course of the expenments, is of concern because these surfaces 
may result in enhanced sorption of radonuckdes in the experiments relative to what may 
be expected in the natural environment at Yucca Mountain 

The YMP sorption experiments are generallicarried out with, at most, a few of 
the unportant rdonuchdes included in any sin& experiment (Thorn=, 1987); therefore, 
the extent to whch the sorption co&cient for a even radionuclide way be affected by 
competition for sorption sites among various radionuclides and between radionuchdes and 
nonradmactive solution species in the repository environment has not + fully evaluated 
However, the relatively small changes in sorption coefficients observed in batch experiments 
mth solutions of considerably higher ionic strength than J-13 (Krught apd Thomas, 1987) 
suggest tlus aspect may be of secondary importance. 

The effect of trace minerals on the bulk sorption coefficient for a lgiven radionuclide 
in a various rock samples from Yucca Mountain has not been adequatel$ investigated even 
though i t  could be of substantial unportance for some radionuclides. For in$ta,nce, the iron 
oxyhydroxide mineral goethite readily sorbs uranium (Hsi and Langmuid, 1985), plutonium 
(Sanchez et al, 1985), and neptunium (Meijer et al., 1989). It also has a qigIJsficant sorption 
coefficient for technetium (Palmer and Meyer, 1981). Because secondrkry iron oxides are 
ubiqutous in Yucca Mountain samples (Caporuscio and Vaniman, l$X5), these phases 
could be very important in the sorption of these elements. The samq argument applies 
to several other secondary trace phases (such as manganese oxida) lrepotted in Yucca 
Mountain samples (Carlos, 1985) 
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Some knowledge of the mechanism(s) by which the important radioduclides are sorbed 
is essential to proper interpretation of the experimental results Based osk the discussion in 
the prevlous section, it appears that the alkali and alkahne earth elments are sorbed 
primanly through simple ion exchange mechanisms. This knowledge provides greater 
confidence in our prdctions for these elements and allows some exirapolation of the 
expenmental results. Tlm sort of confidence has not been developed for the actinide 
elements and most of the other elements considered to date. The general lack of information 
concerning the mechanisms by which these elements sorb on Yucca Mountain materials 

The derivation of d s t i c  error estimates associated with the expenmental 
determination of sorption coefficients is an important aspect of t h s  task. Error estimates 
typically provided with the published sorption data (Thomas, 1987) Fepreaent only the 
counting statistics associated with the radaoactivity measurements 9 the experimental 
products The total error associated with these experiments is kkely gregter than reported. 
More reahtic error estunates should include errors caused by blanks, effFiciency of solution- 
solid separation, colloid formation, etc. 

precludes quantitative interpretation of the experimental results ** 

B. Applications Aspects 

The NRC concerns regardmg appkcation of experimentally d 4 t d e d  sorption 
coeficients in transport calculations include aspects that are not entirqy within the scope 
of the sorption task. Although most of the concerns discussed by the' NRC are included 
in the followmg hst, only those that relate to the YMP sorption task Wl be discussed in 
detail These include: 

Kinetics 
- Colloid fomation/destruction 

(sorption equikbnum) 
(species equikbrium) 

Crushed w4 intact-rock eorption &cients 
W a t e r / d  ratio 
Unsaturated flow conditions 
Matrix v3 fracture flow 
Representative experimental conditions 
Lack of extrapolation capability 
Lack of corroborating field test 
Realistic error analysis 

The kinetics of sorption processes and speciation reactions in solution are likely to be 
less of a problem during transport of radionuclides in Yucca Mountain than they are in the 
sorption experiments because of the greater amount of time availabl* for equilibration in 
the natural flow system given the current atmates of water velocities In the saturated and 
unsaturated zones w i t h  Yuwa Mountain (Site Characterization Plan, 1988). Rundberg 
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(1987) has estimated the impact sorption kinetics could have on the retardation of banum, 
cesium, strontium, and plutonium during rapid water flow in a porous meqtum, He finds 
that “the lunetics of adsorption for simple cations is fast enough to provide an ample 
safety factor in the velocity l i n t  (lo5 to lo’ m/yr) to allow neglect of adsorption lunetics 
in porous flow scenarios” In contrast, the calculated veloclty hrmt fot plutonium is 

-230 m/yr, assuming a sorption coefficient of 10. Accorcbng to Rundbarg (1987), this 
value does not provide a sufficient safety factor to allow the neglect of plutoaum sorption 
and solution kmetics in all porous and fracture flaw scenarios The same conclusion will 
kkely be drawn for americium Uncertainties regardrng the behavior of W i d e  colloids 
further h t  the d k t y  factor 

The question of the applicability of sorption coefficients obtained on crushed-rock 
material to sorption behavior mthin the rock unit from which the crushd material was 
denved is of concern because crushed material may have a greater number of sorption sites 
a d a b l e  than intact rock 

As noted earker, sorption expenments with banum, cenum, cesium, europium, and 
strontium on two different tuff samples (YM-22 and YM-38) over a range of water/rock 
ratios suggested tuff 8ofptjop ccdcients might be sensitive to this parameter (Wolfsberg 
et al., 1981) Similar observations have been reported by other author$ (AUaxd et a3, 
1977; Bradbury and Stephen, 1986). Although Wolfskg et d. (19d1) showed that 
barium, cesium, and strontium sorption data for YM-22 (devitrified tM) at different 
water/rock ratios could be related to isotherm measurements on +he same rock sample 
at a gwen water/rock ratio, through a EkeundLch isotherm equation, thik appmach does 
not explam the results obtmned by the other authors cited Although the l*tter results may 
reflect expenmental artifacts sudl as imperfect solution/solid sepsrations ok copxipitation 
reactions, a firm conclusion cannot be drawn on ths  topic without more definitive data. 

Although sorption experiments under unsaturated (dose) conditioqhi have not been 
performed by the YMP to date, sorption coeBuents in the unsaturated zone will likely 
be dfferent from those in the saturated zone because of dif€erences in the groundwater 
compositions in these zones Available data on the chemistry of unsaturated zone waters 
from Yucca Mountain (Yang et al., 1988) suggest these waters have high* ionic strengths 
(total dmolved solid contents) than do waters common to the saturated bone (Ogard and 
Kerrisk, 1984) On the basis of experiments to date (Knight and Thomas, 11987), it appears 
that sorption coefficients for alkali and alkaline earth elements tend to Ibe slightly lower 
in experiments involving waters with higher ionic strengths than the J-l$ reference water; 
however, sorption cdlicients for the elements europium and tin appeari to increase with 
the ionic streagth of the solvent. Few data are available at present on the iduence of 
water composition on the sorption coefficients of the actinide elements. The available data 
(Thomas, 1988) suggest this influence may be minimal for neptunium, Bower,  because 
the data are difficult to interpret unambrgudy, more definitive data taust be obtained 
before sorption of actirudes in the unsaturated zone can be evaluated with confidence. 

Scenarios involving the rapid fim of water through fractures (Site’ Characterization 
Plan, 1988) require special consideration. Ths problem can be broken d o p  into two parts, 
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jy &sical and the other dominantly chemical. In  the case of a nonsorbing 
-- 
1 
1 

species, the physical aspect, which involves the rate of dispersion of chemical ~species within 
a fracture and into the adjacent matrix, dormnates transport. For sorbing species, the 
importance of the chemtcal aspect depends on the value of the sorption coefficient and the 
reaction kmetics. Neretnieks (1980) has shown that in the absence of kinetic effects, sorblng 
species travel along a fracture slower than nonsorbing species. This suggests that simple 
cations should be more retarded than nonsorbing speues because the reaction kinetics of 
the simple cations are relatively fast (Rundberg, 1987) However, solutiop and sorption 
reaction kinetics may become important factors in the transport of a c t i d e  specles in 
scenarios involving high water flow rates b u s e  less time is available for equilibration 
mth the matnx Although Rundberg (1987) has shown that large sorption coefEcients can 
partly offset the effect of relatively slow reaction hnetics and high fluid velocities on the 
retardation of a gven radionuclide, for radionuclides with small sorption d c i e n t s  and 
slaw reaction kmetics the impact of high fluid veldti- could be substantial and must be 
determmed. 

As &cussed in an earher section, untd now, the YMP has followed an empirical 
approach to the deterrmnation of sorption coefficients (Fig. 1). Ths approach is valid 
as long as the parameters mthin the experimental matrix are represendative of all the 
scenarios and associated conditions anticipated for the repository and Its environment 
over the requred containment period (Site Characterization Plan, 198d). Because the 
envlronment of the repository block is only partly characterized at tbe present time, 
t h s  approach may reqmre a number of additional sorption experunents a s  new data (for 
example, unsaturated zone water compositions) become available. Further experiments 
may also be requred if new investigations lead to predictions of future concktions not 
represented within the expenmental matrix of the sorption task. These observations 
emphasrze that the inabihty to extrapolate the present database to a larger range of 
physical and chemical conditions is a major lintation of the empirical approach. 

Field studies of rahonuclide transport in the Yucca Mountain a d  would be useful 
in developmg public and scientific confidence in the models and exper$umtal data used 
by the YMP to msess the future performance of the proposed repositoq. Although the 
amount of tune a d a b l e  for such studtea may restnct their success &d possibly their 
usefulness, the obvious need for model validation would seem to outwei#h the limitations 
that may be associated with such studies Tegts planned to address t h s  iqsue are desmbed 
in the reactive tracer testing study plan (WBS 2.3.4.1.8.A). 

Estimates of errom in predxtions of radionuclide transport mll probably be derived as 
part of the performance assessment task through sensitivity analysis. Although a discussion 
of this type of analysis is beyond the scope of this review, the resflts of sensitivity 
analyses involving the transport of important radimuclides in Yuca Mountrun under 
various scenarios would be very useful in identification of t h e  paraeters that should 
be emphasized in the experimental sorption program. Plans to carq out the types of 
sensitivity analyses required are descnbed in the study plan for the retwdation sensitivity 
analysis task (WBS 2.3 4.1.7.A) 

I 

27 
25 



. 
VLI. STRATEGY FOR ADDRESSING NRC CONCERNS R GARDING 

EXPERIMENTAL AND APPLICATIONS ASPECTS OF 73 ORPTION 
STUDIES 

A. Experimental Aspects 
The question of the impact of sorption reaction kinetics on experiments involvmg the 

actmdes and certarn rare earth elements (REE) wdl be addressed in several different ways. 
To rmnimize the possible effects of precipitation and/or colloids on these experiments, 
the concentration of a given radionuchde in the feed solutions will be determined by 
the detection lirmt of the most sensitive means of measurement for thatappropnate 
radionuchde. For example, in the case of the actinide elements, the most sensitive analytical 
technique is mass spectrometry. Mass spectrometric techniques for the actinides have been 
developed by the Isotope and Nuclear Chermstxy Division for other programs at Los Alamos 
8nd can be used mthout further development by the YMP. This allows use pf actinide feed 
solutions that are up to 4 orders of magnitude lower in concentration t h b  most of the 
solutions used in the experiments reported by Thomas (1987). The satyration state of 
these feed solutions mth respect to known actlnide compounds will be c4ecked with the 
EQ3 geochemcal code. 

If problems with precipitation and/or collad formation c8n be alleviated mth this 
approach, questions relatmg to solution and sorption reaction kinetics of the actinides 
and the REE can be addressed by standard batch and column experiments run over a 
range of time intervals (Rundberg, 1987). However, even if colloids remmn a problem, 
other expenments can be camed out to obtain useful data. One p s i b l e  approach 
plaaned as part of the dynamic transport twk (WBS 2.3.4.1.6.A) is to infj2trate sohd-rock 
beakers, formed out of tuff samples from Yucca Mountain, mth the actinide aad RE& 
bearing solut~ons. Assurmng tuff samples with sufficiently small pore sizes are used in 
these experiments, colloids will be preferentrally retained near the solution/rock interface, 
whereas soluble species will be transported into the rock Measurement Ff concentration 
profiles wrthin the rock beakers after appropriate intervals would provide ldata on sorption 
coefliuents and the kinetics of the sorption reactions. 

The question of the infiuence of reactive surfaces on measured dues for sorption 
coefficients can be answered partly with available data. As Rundberg (6987) has noted, 
alkali and a,lkabne earth sorption coefficients obtained by batch (crushedmck) techniques 
compare favorably with coefticients obtained on the same samples using the solid-rock wafer 
technique (Table 11). This suggests that crushing or grinding of the ro& materid either 
before or during the experbents does not introduce a Significant bias )in the measured 
sorption coefticients for the alkali and alkaline earth elements. This can be explained 
through the following observations. First, the crushed 'rock used in these expenments 
IS eqrukbrated with unspdced groundwater (Such as 5-13) for weeks before the sorption 
experiments As a result, any reactive surfaces produced during gri~ding of the rock 
sample WID react and eventually equihbrate with ConstAuents in the ambpent groundwater. 
Second, the i n d m d d  m n e d  grains in the rock samples ( ~ 1  pm) are such smaller than 
the multirmneral gram used in the experiments (75 to 300 pm). Therefare, the percentage 

I 

26 



I 

increase in mineral grain surface area produced by grinding is not large in cowpanson to the 
increases produced in the grmhg of grmtes, sandstones, kmestones, or bGalts Finally, 
unhke the latter rock types, the tuffs commonly contam minerals (for exwple, zeolites 
and clays) with large intracrystalhne ion exchange capacities. These capaci&s should not 
be significantly affected by the grindmg processes Whether or not reactive surfaces are a 
problem in experiments involving the actinide elements remans to be determined through 
experiments similar to those used for the a.Ud and alkrtline earth elements. 

.r 

Table 11. K& Cornpanson: 'M€ Wafers os Crushed Tuff 

K% (Wafer) K& (Batch) 
M Sample Element (mP/g) (mt/g) 

G- 1- 1883 

G-1-1982 

Sr 27 
C S  230 
Ba 210 

22 
190 
180 

Sr 80 62 

Ba 800 800 
cs 1000 1 w  

G- 1 - 1436 (desorption) Sr 95 500 87 lpoo 
c s  14 900 2 koo 

The question of the degree to whch the presence of one radmuclidg: may influence 
the sorption coefficient measured for another rackonuchde will be difficult to resolve in a 
quantitative manner Sorption experiments in which all of the importax# radionuchdes 
are mixed in the same feed solution will be difficult to httndle in the laboratory from a 
radiological point of wew; they will also be difscult to analyze and interpret; Plans to carry 
out experiments that address this issue are d~scussed in the study plan fof. the integrated 
testing task (WBS 1.2.2.3.4.1.L). If experiments of this type are to be &ed out as part 
of the sorption task, considerable development of laboratory and analytical techniques will 
be required because of the highly radioactive nature of the feed solutions and the complex 
gamma-ray spectra of the expenmental products 

To gam a better understandmg of (1) the mechanisms by which the acfiimdes and other 
radionuclides sorb on tuff and (2) the importance of trace minerals to mrption in Yucca 
Mountam, batch and column experiments will be carried out using p r e  separates of the 
major and trace mnerals, as well as glasses found in the Yucca Mountu tuffs (Bish and 
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Vamrnan, 1985) Mineral samples will be obtained either dmectly from Yucca Mount& 
samples or from classic locallties It is highly des!rable to conduct sqch experiments 
wlth known species of the sorbing rdonuchdes because the sorption behbvior is thought 
to be strongly dependent on ths parameter. Ths is particularly important for the 
actinides because they can exhibit multiple omdation states with a wide w e t y  of possible 
metastable species includmg polymers and colloids. Recent advances in photoacoustic and 
fluorescence spectroscopic techques may provide the means to study acthde speciation 
at the low concentration levels relevant to geologic migration stuhes. Other spectroscopic 
techques such as extended x-ray absorption fine structure (EXAFS) will bpused to study 
the complexation of rarllonuckdes on the surfaces of well-charactenzed mmeral phases 
pertment to Yucca Mountain 

The data and insight into sorption mechanisms obtained in these Wrirnents wdl 
(1) prmde data to respond to NRC concerne on this issue, (2) aid in the interpretation 
of p m o u s  YMP sorption experiments on whole rocks, (3) provide a m&s to estimate 
sorption coefficients for fracture fillings of vanable mineralogy and whole +s not included 
in sorption experiments to date, and (4) provide basic information needed $m the modeling 
of sorption behavior with geochemd codes such as EQ3/6. Once sorptjon mechanrsms 
are better understood, more reliable estimates can be derived of the total elm>n, asmated 
with a given sorption d c i e n t .  These estimates should include the qnalytical errors 
as well as errors ariBing from the mineralogic characterization of the t&s, analysis of 
groundwater compositions (espeually pH and Eh), and other potential s o b .  

E. Applications Aspects 
Resolution of the application aspects mll mostly be carried odt within other 

YMP tasks including dynarmc transport (WBS 2.3.4.1 6.A), solubhtp determnation 
(WBS 2 3 4 1 4.A), retardation sensitivity analysis (WBS 2.3.4.1.7.A), rmneralogy 
of transport pathways (WBS 2.3.4.2.3.A) and field testmg (WBS 2.3.4.1 8.A and 
2 3.4 1.11 A). 

Questions regarding the kinetics of sorption reactions and solution speciation are 
addressed m the prewous section on expenmental aspects. Questions relsrting to the 
formation, destruction, and transport of colloids will be addresaed in the dypasric transport 
and the retardation sensitivity tasks. 

As dscussed in the previous section, the use of crushed va intact Rock in sorption 
experiments is less critical for tuffaceous rocks than it is for other rock types, particularly 
for the simple cations However, considerable uncertainty exists at p r G t  regarding the 
degree to which this conclusion applies to sorption experiments involving the actinide 
elements and certain fmsiaa products This uncertamty should be resolved in the course of 
sorption experiments carried out to obtain data on other aspects such as a t i o n  kinetics. 

The water/rock ratio question will be addressed by a limited n u m b  of additional 
experiments involvmg the sorption of barium, cesium, and strontium on 'both devitrified 
and zeolitic tuffs In these experiments, alternative p r d u r e s  such as ulkrdtration will 
be used for solid/liquid separations. 
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The sorption of actinide elements and fission products dmng fractwe flow will 
be stuled as part of the dynarmc transport task. Experiments are p l a e d  using sokd- 
rock columns with fractures that go through the column Radionuchdes will be injected 
at the top of the columns and their transport along the fiacture and penetration into 
the fracture surface will be measured using autoradiographic t e c h q u a .  Although these 
experiments mll kkely be carried out under saturated concktions, data froin experiments in 
which colloid-bearing actinide feed solutions are infiltrated into unsaturated rock beakers 
can be used in combnation with the sohd-rock core experiments to estimate fracture flow 

As d i s d  earlier, to estimate sorption coefficients for conditiws not currently 
included within the experimental matnx for the sorption task, two separate approaches are 
possible (1) direct measurement and (2) theoretical extrapolation from available data. The 
drrect approach may yield short-term results but may not be practicable at some future 
date after termination of the experimental progrmn. This and other bpects dmussed 
earlier suggest some capabihty for extrapolation will be reqwed for long-term prediction 
of radionuclide transport. Measurement of sorption isotherms on pure mineral phases will 
provide some capability for interpolation. Isotherm data will be combined with data on 
solution speciation, surface compkxation (bm EXAFS), and selectivity mefficients for ion 
exchangers to develop theoretical models of sorption mechanisms and to strengthen our 
capabikty for extrapolation Even if a complete theoretical understandiqg is not achieved, 
the insight into sorptive behamor gained with t h s  approach will improive our confidence 
in any prelctions of transport behavior of important radionuclides. 

Field-based transport experiments involving both sorbiig and noqrbing tracers will 
be very useful in the vahdation of the data and approach used by the YMP in performance 
assessment. Such stules rmght include fracture flow experiments, diffueion experiments, 
and unsaturated flm expmments Detailed plans for such studies will be formulated as 
part of the geochemical field tests for the validation task (WBS 2.3.4.1.11.A). 

An analysis of overall errors likely to be associated with the apphcation of sorption 
data in transport calculations hea outside of the sorption task. As noted above, this 
analysis will be addressed by the sensitivity analysis task (WBS 2.3.4.1 7.A) 

tramport under unsaturated conditions .. 

VIII. POSITION ON SORPTION TASK 
The following brief list of conclusions and recommendations is basled on the previous 

dscussian. The items on the list address concemu regardmg sorption behvior of important 
ractomtclides as expressed by the NRC and the State of Nevada. 

The & approach (=t isotherms) is valid as long as the water a d r o c k  compositions 
remain constant. 
The present database for alkclli and alkaline earth elements is usable but needs 
augmentation with further batch experiments and kinetic studm of actimdes and 
certain fission products (for example, technetium). 
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- The present database shows zeolites and clays strongly sorb alkalies and dknline earths 

- Secondary and trace primary phases may have special &ty for act' 3 des, rare earth 

- Batch experiments with pure primary and secondary minerals are needed to 

- Actinide and rare earth element batch experiments should be m e d  out mth more 

but do not appear to have special afsnity for actimdes or rare earth ements 

elements, technetium, and other important radionuclides. 

understand sorption mechanisms of actinides and tam earth elements 

dilute (undersaturated) feed solutions. 
- Adcktional studies on w a t e r / d  ratio effects axe needed I 

- h e t i c  data obtained ELS part of dynamic transport task wlll be very useful m 
interpretation of batch experiments 

- An experimental program, in which waste-form leach solutions or a synthetic 
equivalent are used directly in batch experiments, should be initiated. 

- Theoretical modehg of sorptive behawor of radionuclides within yucca Mountam 
d l  be feasible with additional data on solution speciation, eelecti+ity coefficients, 
m n e d  surface characteristics, the identity of surface complexes, wd detded host 
rock mineralogy. 

30 

ll I 



REFERENCES 

1. L. M Abnola, “Modeling Contaminast lkmsport in the Subsurface: An 
Interdisciplinary Challenge,” Reo of Geophyb. 25, 125-134 (1987) 

2. B Allard and G.W B e d ,  “Sorption of Americium on Geologic Media,” J Envsron 
Sca HeuZth A14 (6), 507-518 (1979) 

6 

3. B. Allaxd, H. Spatsi, and J Rydberg, “Sorption of Long-Lived Rdaionuchdes in 
Clay and ROJE. Part I. Determinations of Distribution CoefBcients,” KBS-TR-55 
Kaunbriinslesiikerhet, Stockholm report CTH 1977-10-10 (1977). 

4. R M. Barrer and J. Klirlaweki, “Theory of Ieomorphous &placement in 
Aluminosilicates,” PhJ. naw. R. SOC. London, Ser. A285,637-676 (1977). 

5 R Beckman, K Thomas, aGd B Crowe, “Preliminary Report on the Statistical 
Evaluation of Sorption Data: Sorption as a h c t i o n  of Mineralogy, Temperature, 
Time, and Particle Size,” Nevada Nuclear Waste Storage Investigktions Milestone 
R311(1981). 

6. L. V. Benson, UA nbulation and Eduation of Ion Exchange Data on Smectites, 
Certain Zeohtes and Basalt,” Lawrence Berkeley Laboratory report LBL10541(1980). 

7. D. L. Bish and D T. Vaniman, “Mineralogic Summary of Yucca Mauntain, Nevada,” 
Los Alamos National Laboratory report LA-10543-MS (October 1985). 

8. D W .  Breck, Zeolate Molecular Saeved (Wiley Interscience, New York, 1974). 

9 M H Bradbury and I G .  Stephen, “Diffusion and Permeability Based Sorption 
Expenments in Intact Rock Samples,” in Screntrjc Bass  jo t  Nucleor W u t e  
Management IX, Matenah Research Socaety Symposaa Proceedrnga, Stockholm, L 0 
Werme, Ed. (Materials Research Souety, Pittsburgh, 1986), pp. 81-90. 

10 E. A. Bryant and D. T. Vaniman, Compa, “Research and Development Related to 
the Nevada Nuclear Waste Storage Investigations, July 1-Septemk 30, 1983,” Los 
Alamos National Laboratory report LA-10006-PR (July 1984). 

1 1  F. A Caporuscio and D. T. Vaniman, “Iron and Manganese in Odde Minerals and 
in Glasses Prelxmhary Consideration of Eh Buffer;ng Potential at Yucca Mountain, 
Nevada,” Los Alamos National Laboratory report LA-10369-MS (April 1985). 

31 



J 

I 

12 F A. Caporuscio, R. G. Warren, and D. E Broxton, “Dettuld Petrographc 
Descnptions and Microprobe Data for Tertiary Silicic Volcanic Fbc$s in Drill Hole 
USW G-1, Yucca Mountam, Nevada,” Los Alamos National Ladoratory report 
LA-9323-MS (December 1985) 

13 B A Carlos, “Minerals in F’ractures of the Unsaturated Zone from Drill Drill Core 
USW G-4, Yucca Mountain, Nye County, Nevada,” Los Alamos National Laboratory 
report LA-10415MS (Apnll985). 

14. G. A. Cederberg, “TRANQL: A Ground-Water Mast+hasport &d Equikbnurn 
Chemistry Model for Multicamponant Systems,” Ph,D. Dissertation, Stanford 
Umversity (March 1985). 

15. W. R. Daniels, K Wolfsberg, R. S. Rundberg, A. E. Ogard, J. F. Kerrisk, C. J. D e ,  
et d , *S~unmq~y Report on the Geochemistry of Yucca Mountain a d  Envmmns,” Loe 
Alamos National Laboratory report LA-9328-MS (December 1982). 

16 W. R Daniels, K. Wobberg, D. T. Vaniman, and B. R. Erdal, Comps, “Reeertrch 
and Development Related to the Nevada Nuclear Waste Storage Inve$tigations, July 1- 
September 30, 1981,” Los Alamm National Laboratory report LA-909S-PR (January 
1982). 

17. W R Daniels, B. R E r a ,  and D. T. Vaniman, Comps., “Resear&,and Development 
Related to the Nevada Nuclear Waste Storage Investigations, July 1-September 30, 
1982,” Los Alamos National Laboratory report LA-9577-PR (March 1983) 

18 J A Daws, R. 0. James, and J. 0 LeJcie, “Surface Ioluzation and Complexation at 
the Omde/Water Interface, I. Computation of E3ectrical Double Layer Propedms in 
Simple Electmiytes,” J Collord Interfuce Scr. 63, 3 (1978). 

19 J. A. Davis and J. 0 Leckie, “Surface Ionization and Cotpplexation at the 
Oxide/Water Interface, 11. Surface Properties of Amorphous Iron loxyhydroxide and 
Adsorption of Metal Ions,’’ J. Colloid Interface Sci. 67, 1 (1978). 

20 J A Daws, C. C. FWler, and A D. Cook, ‘A Model for ‘Ikace Metalisorption Processes 
at the Calate Surface: Adsorption of Cd2+ and Subsequent Sohd dlution Formation,” 
Geocl.rm. Coamochrm. Acta 51, 1477-1490 (1987). 

21. J. A. Davis and K. F. Hayes, Eds, Geochemical P r ~ c u s e s  at M i n e d  Surfaces, 
American Chemical Society Symposium Series 323 (American, Chermcal Society, 
Washington, DC, 1986) 

22 “Environmental Assessment, Yucca Mountain Site, Nevada Resea;r& and Development 
Area, Nevada,” US Department of Energy report DOE/RW-0073 ;(May 1986) 

32 



4 J 

23 B R Erdal, W. R. Daniels, and K. Wolfsberg, Comps, “Research and Development 
Related to the Nevada Nuclear Waste Storage Investigations, Janua~y 1-March 31, 
1981,” Los Alamos National Laboratory report LA-8847-PR (July 1981). 

24. H. R Fuentes, W. L. Poker, J Gruber, B. Lauctes, andE H. Essingtop, “Preknunary 
Report on Sorption Modehng,” Los Almw National Laboratory report LA-10952-MS 
(August 1987) 

25 H. R. b t e s ,  W. L. Poker, B E Bmes, C. A. Dicke, and G. J. Langhopt, “Progress 
Report on Sorption Modehng,” Los Alamos National Laboratory document TWS- 
HSE12-9/87-41, R3 (September 1987). 

26 G. L Games and H. C. Thomas, “Adsorption Studies on Clay bbnerals. 11. A 
Formulation of the Thermodynamics of Exchange Adsorption,” J. &em. Fhyu 21, 
714718 (1953) 

27. C-K D. Hsi and D. Langmw, ‘‘Adsorption of Uranyl Onto Fkic r Oxyhydroxides. 
Apphcation of the Surface Complexation Site-Binding Model,” Geocb~rn. Cosmochrm. 

Acta 49, 1931-1941 (1985). 

28 R G. Jonasson, C. M. Bancroft, and L. A. Boatner, “Surhce Reactiqns of Synthetic, 
End-Member Analogues of Monazite, Xenotime and Rhabdophane, gnd Evolution of 
Natural Waters,” Geochtm. Cosmochtm Acta 52, 767-770 (1988). 

29 D. B. Kent, V. S mpatht, N. B. Ball, and J. 0. Leckie, “Surf~Complexation 
Modeling of Radionuchde Adsorption in Subsurface Ebvironmen&“ US Nuclear 
Regulatory Commission report NUREG/CR-4807 (March 1988). 

30. J. F. Kmsk,  “Solubility Limits on Radionuclide Dissolution at a Yucca Mountain 
Repository,” Lae Alamos National Laboratory report LA-9995-MS (May 1984). 

31 J. F Kernsk, “Ammcium Thermodynamic Data for the EQ3/6 Database,” Los 
Alamos National Laboratory report LA-10040-MS (July 1984). 

32. S D Knight and K. W. Thomas, ”Sorption of Radionuclides Using Different 
Groundwater Compositions,” Nevada Nuclar Waste Storage hvestigations Westone 
M316 (1987) 

33 J. L. Means, D. A. Crerar, and M. P. Borcsik, “Adsorption of Co and $elected Actimdes 
by Mn and Fe Oxides in Soils and Sediments,” Geochtm Coumochitn. Acta 42,1763- 
1773 (1978). 

33 



I 
I 

I 

‘34 A. Majer, I. may, S. Knight, and M Cisneros, “Sorption of Wonuckdes on Yucca 
Mountam Tuffs,” in Proceedtngs of the ToptcaLMeettng o n  Nuclean W a d e  tn the 
Unaaturated Zone Focus ’89, September 17-81, 1989, Las Vegas Nevada (American 
Nuclear Society, LaGrange Park, 1989), pp. 113-117. 

35 R E. Meyer, W D Arnold, 3. G. Blencoe, G D O’Kelley, F I. Case, J. F. Land, 
and G K Jacobs, ”Progress in Evaluation of Wonuckde Geochemical Information 
Developed by DOE HI&-Level Nuclear Waste Repository Site Projects Semi-Annual 
Report for October 1985-March 1986,” US Nuclear Regulatory Co+ssion report 
NUREG/CR-4708 (January 1987). 

36 I. Neretmeks, “Diffusion in the Rock Matrix. An hportant Factor in Radionuclide 
Retardation?” J. Geophys. Res. 85,4379-4397 (1980). 

37 H. Nitsche, “Determination of the Solubilities and Complexation of Waste 
Wonuckdes Pertinent to Geologic Disposal at the Nevada lLff Site, II Solubihty of 
AmQHC03 in Aqueous Solution Under Atmosphenc Condtions,” Lahence Berkeley 
Laboratory report LBL-21237 (1986) 

38 H. Nitsche, E M. Standik,S. C. Lee, R C. Gatti, and D. B. ncker, “Solubhty and 
Speaation Studies of Waste Radionuclides Pertinent to Geologic Diqqmsal at Yucca 
Mountan. Results on Neptunium, Plutomum, and Americium in 5-13 Groundwater,” 
Lawrence Berkeley Laboratory letter report R707 (September 1987). 

39. Nuclear Regulatory Commission, “Determination of Radionuclide Sotption for High- 
Level Nuclear Waste Repositories,” US Nuclear Regulatory Commission technical 
position paper (Jaauary 1987). 

40 A E Ogard, K. Wolfsberg, and D. T Vanirnau, Comps , “Research and Development 
Related to the Nevada Nuclear Waste Storage Investigations, Apnl 1-June 30, 1983,” 
Los Alamos National Laboratory report LA-9846-PR (December 1988). 

41 A E. Ogard and J. F. Kerrisk, “Groundwater Chemistry Along Flw Paths Between 
a Proposed Repository Site and the Accessible Environment,” Los ~larnos National 
Laboratory report LA-10188-MS (November 1984). 

42. A. E. Ogard and D. T Vaniman, Comps., “RRsearch and Developpent Mated  to 
the Nevada Nuclear Waste Storage Investigations, July 1-September 30, 1984,” Los 
Alasros National Laboratory report LA-10299-PR (May 1985). 

‘ 36 

43 V. M Oversby, “Important Radionuclides rn High Level Nuclear Waste Disposal. 
Detmnation Using a Comparison of the US EPA and NRC Reflations,” Nucl. 
Chem Waste Management 7,149-161 (1987). 

34 



I 
' I  

\ 

44. D. A. Palmer and R E. Meyer, "Adsorption of Technetium on Selected Inorganic 
Ion-Exchange Matends and on a Range of Naturally Occurring M i n d  Under Oxlc 
Condltions," J. Inorg Nucl. Chem 43 (ll), 2979-2984 (1981) 

45 W L Polzer and H. R F'uentes, "The Use of a Heterogeneity-Based Isotherm of 
Interpret the Transport of Reactive RacLonuchdes m Volcanic 'ILff Media," Radrocham. 
A& 44145,361-365 (1988). 

46 E J Reardon, "&'s-Can They be Used to Describe Reversible Jon Sorption 
Reactions in Contsrmnant Migration?" Groundwater 19 (3), 279-286 (f9Sl). 

47. J. Rubin and R V. James, "Dispersion-Affected 'Ikansport of Reacting Solutes 
in Saturated Porous Media. Gderkin Method Apphed to EQuilibtium-Controlled 
Exchange in Urndirectional Steady Water Flow," Wuter Resour. Re5 9 (5), 1332-1350 
(1973) 

48 

49 

50 

51. 

52 

53 

54. 

55. 

R S. Rundberg, "Assessment Report on the Kmetics of Monuclide Adsorption on 
Yucca Mountam W," L a  Alamos National Laboratory report LA-11026-MS (1987). 

R S Rundberg, A. E. Ogard, and D. T. Vaniman, Comps., "Research and 
Development Related to the Nevada Nuclear Waste Storage Investigations, Apnl 1- 
June 30,1984," Los Alamos National Laboratory report LA-10297-PR (May 1985) 

A, L Sanchez, J. W. Murray, and T. H. Sibley, "The Adsorption of Plutonium IV and 
V on Goethite," Geochrm Cosmochtm Actu 49, 2297-2307 (1985) 

P. W Schdler,  B Fiirst, R Dlck, and P U. Wolf, "Ligand Properties of Surface 
S2anol Groups. I. Surface Complex Formation with Fe3+, Cu2+, Cd2+, and Pb2+," 
J Coll. Inter Scr. 55, 2 (1976). 

R J. Serne and J F Relyea, "The Status of Radionuclide Sorption-Desorption 
Stuctes Performed by the WMT Program," in T h e  Technology of High-Level Nuclear 
Waste Drsposal, P. L. Hofmann and J J. Breskn, Eds (US Department of Energy, 
Washington, DC, 1981). 

R J. Serne, "Discussion of '&%-Can They Be Used to Describe Reversible Ion 
Sorption Reactions in Cantaminant Migration" Gtoundwafer 20,232-233 (1982). 

%te Characterization Plan, Yucca Mountain Site, Nevada Research land Development 
Area, Nevada,'' US Department of Energy report DOE/RW-0199 (December 1988) 

G .  Sposito, The Thermodynamics of Sod Solutaona (Oxford Clarencbn Press, Oxford, 
UK, 1981) 

35 



b 

68. E. N Vine, R. D, Agcular, B P. Bayhurst, W. R. Daniels, S. J. DeVdliers, et a l ,  
“Sorption-Desorption Studies on Tuff 11. A Contlnuation of Studm ‘with Samples 
&om Jackass Flats, Nevada and h t i a l  Studm from Samples from Yucca Mountain, 
Nevada,” Los Alamos National Laboratory report LA-8110-MS (January 1980) 

69. J. C. Westall, J L. Zachary, and F M. M. Morel, “MINEQG-A Computer Program 
for the Calculations of Chemical Equilibrium Composition of Aqueous Systems,” 
Massachusetts Institute of Technology T e c h &  Note 18 (1976) 

70 K. W & k g ,  B P Bayhurst, B M Crowe, W R Daruels, B. R %rdd, F. 0 
Lawrence, A E. Norris, and J. R Smyth, ‘Sorption-Desorption Stu&a on Tbff 
I. h t i a l  Studes with Samples from the 5-13 Drill Site, Jackass Flats, Nevada,” Los 
Alamos National Laboratory report LA-7480-MS (Apnll979) 

71 K. Wolfsberg, R. D Aguilar, B. P Bayhurst, W. R. Daniels, S J. DeVilliers, B R 
Erdal, et al., ”Sorption-Desorption Stuck- on M. 111. A Contlnuation of S\udies 
With Samples from Jackass Flats and Yucca Mountain, Nevada,” Los Alamos National 
Laboratory report LA-8747-MS (May 1981). 

72 K Wolfsberg, W. R. Daniels, B. R. Erdal, and D. T. Vamman, Comps , “Research and 
Development Related to the Nevada Nuclear Waste Storage Investigations, Apnl 1- 
June 30,1982,” Los Alamos National Laboratory report LA-9484-PR COctober 1982). 

73 K Wolfsberg, W R. Daniels, I). T. Varuman, B R. Erdd, Comps., “Research and 
Development Related to the Nevada Nuclear Waste Storage hvestigati&ns, October 1- 
December 31, 1981,” Los Alamos National Laboratory report LA-0225-PR (Apnl 
1982). 

74 I, C Yang, A. K. Turner, T M. Sep ,  and P. Montazer, “Wrurial-Compression 
Extraction of Pore Water &om Unsaturated Tuff, Yucca Mountain, Nevada,” US 
Geological Survey Water-Resources Investigation report 88-4189 (1988). 

75 R. A. Ziehnski, C. A. Bush, R. W. Spengler, and B. J. Szabo, “Rock-Water Interaction 
m Ash-Flow M s ,  Yucca Mountain Nevada-The Record Fkom Ur&nium Studies,” 
U W ~ S U ~  2, 361-386 (1986). 

13134 \ 
37 

.O S GOVERNMENT ?RINTING OFFICE 1 ~ 7 7 3 9 3 4 I 2 0 0 0 0  

I, I 


